We aimed to develop a predictive model for intensive care unit (ICU)-discharged patients at risk of post-ICU deterioration. We performed a retrospective, single-centre cohort observational study by linking the hospital admission, patient pathology, ICU, and medical emergency team (MET) databases. All patients discharged from the Alfred Hospital ICU to wards between July 2012 and June 2014 were included. The primary outcome was a composite endpoint of any MET call, cardiac arrest call or ICU re-admission. Multivariable logistic regression analysis was used to identify predictors of outcome and develop a risk-stratification model. Four thousand, six hundred and thirty-two patients were included in the study. Of these, 878 (19%) patients had a MET call, 51 (1.1%) patients had cardiac arrest calls, 304 (6.5%) were re-admitted to ICU during the same hospital stay, and 964 (21%) Over the two-year period, 361 patients were identified as having a greater than 50% chance of having post-ICU deterioration. Factors are identifiable to predict patients at risk of post-ICU deterioration. This knowledge could be used to guide patient follow-up after ICU discharge, optimise healthcare resources, and improve patient outcomes and service delivery.
Patient deterioration after intensive care unit (ICU) discharge is common. Five-and-a-half percent of ICUdischarged patients are re-admitted to ICU at least once 1 , while 5.2% of patients die in hospital after ICU discharge in Australia and New Zealand 2 . Implementation of rapid response systems and medical emergency teams (MET) 1, 2 has been shown to be associated with improved outcomes such as reducing unexpected cardiac arrest events [3] [4] [5] . In most cases, detecting the presence of antecedents such as physiological derangements [3] [4] [5] [6] provides the opportunity for timely intervention of patient deterioration to prevent serious adverse events 2, 6 . Delay or failure to activate MET calls is a significant concern in hospitals 7 and is independently associated with an increased mortality 8, 9 . Identifying patients at risk of clinical deterioration may allow pre-emptive institution of measures to reduce the chance of a MET call, re-admission to ICU, or death. This would improve patient care and might lead to optimisation of healthcare resources (e.g. through a reduction in MET call attendances). Studies of ICU readmission have suggested that risk factors associated with clinical deterioration following ICU discharge are identifiable and models have been proposed to predict patient deterioration [10] [11] [12] [13] [14] . To our knowledge, there is limited research on predicting which patients require MET attendance post-ICU discharge by using the available objective clinical data. We hypothesised that it was possible to identify risk factors present on admission and at discharge from ICU that predicted later deterioration and the need for intervention on the ward. This study aimed to develop a predictive model applicable at ICU discharge to identify patients at risk of 'post-ICU deterioration' which was defined as a composite of MET calls, cardiac arrest calls or re-admission to ICU. In-hospital mortality was not included in this outcome because our aim was specifically to identify those who require use of additional hospital resources to manage and treat deterioration after ICU discharge and it has been previously shown that mortality post-ICU discharge is strongly associated with the presence of treatment limitations 15 .
Methods
We conducted a retrospective, single-centre cohort observational study. The sample consisted of all ICU patients discharged to the wards at the Alfred Hospital from 1 July 2012 to 30 June 2014. Patients who died during their first ICU admission, or were transferred to another hospital, and patients discharged following a re-admission episode to ICU during the same hospital admission were excluded from analyses. All patients in the study were followed up until discharged from the hospital.
Setting
The Alfred is a public tertiary referral university-affiliated hospital in Melbourne, Australia. With approximately 3,000 ICU admissions per annum, it is one of the two adult trauma centres within the state of Victoria, and the state service provider for human immunodeficiency virus, cystic fibrosis, bone marrow transplantation, heart and lung transplantation and extracorporeal membrane oxygenation.
Data linkage
The data variables defined in the study are listed in Table  S1 (see supplementary material). The primary outcome was post-ICU deterioration, defined as above. Secondary outcomes included mortality in hospital after discharge from ICU, length of stay in hospital after ICU discharge and individual rates of MET calls, cardiac arrest calls or re-admission to ICU.
We performed data linkage using Microsoft SQL server 2008 Management Studio software package. A set of structured query language code was written to integrate related patient information from the hospital administration, patient pathology, ICU, and MET call databases into a single source for analysis. Linked data were then de-identified. The study was approved by the Alfred Hospital Human Research Ethics Committee (approval no. 116/15), which waived the need for informed consent.
Statistical analysis
Statistical analyses were performed using SAS version 9 and Stata version 12. A two-sided P <0.05 was considered statistically significant. Univariable analysis was used to compare those who deteriorated and those who did not deteriorate. Comparisons were made using chi-square tests for equal proportions with results presented as number (%) or using parametric and non-parametric tests (depending on distribution of the data) with results presented as mean (standard deviation) or median (interquartile range [IQR]) accordingly.
To identify factors independently associated with deterioration after discharge from ICU, all variables which met a P-value threshold of ≤0.10 in the univariable analysis were assessed for inclusion in the multivariable logistic regression analysis. Variables were retained using a stepwise backwards selection process using a P-value threshold of ≤0.05. A bootstrapping technique was used, sampling the whole dataset using 200 repetitions with replacement. The use of bootstrapping methodology to estimate the coefficients for each predictive variable avoided having to split data into derivation and validation datasets. To account for non-linear relationships with outcome, continuous variables were split into categories with missing data accounted for by the creation of a specific category. This retained all patients in the multivariable analysis and avoided bias being introduced through imputation. The probability of deterioration after ICU discharge was calculated for all patients using the following formula: Probability = e logit/ (1+ e logit) where logit=c + b₁x₁ + b₂x₂ + ...... b∞ x∞, c is a constant, b₁ to b∞ are β-coefficients derived from the logistic regression model and x₁ to x∞ are the individual predictor variables. Discrimination and calibration of the predictive model were assessed using the area under the receiver operating characteristic curve (AUROC) 16 and the Hosmer-Lemeshow goodness-of-fit test 17 respectively. Patients were categorised as 'very low', 'low', 'intermediate', 'high', and 'very high' risk if predicted risks of deterioration were <10%, 10% to 19.9%, 20% to 29.9%, 30% to 39.9%, and >40% respectively. The age component was removed from the APACHE III severity of illness score to allow inclusion of age and illness severity as independent variables in risk adjustment models.
Results
During the study period, there were 5,392 patients admitted to ICU, of whom 4,632 were discharged alive to a ward within the hospital. Of these, 964 (21%) patients met the primary outcome of a post-ICU deterioration. Of these, 51 patients had 58 cardiac arrest call episodes, 878 patients encountered 1677 MET call activations and 304 patients were re-admitted to ICU at least once. Table 1 summarises the patients' demographics. Figure S1 (see supplementary material) illustrates the study population. The triggers for MET or cardiac arrest calls are summarised in Table 2 . (Table S3 , supplementary material) identified that patients who suffered 'post-ICU deterioration', were older, more commonly female, had higher Acute Physiology and Chronic Health Evaluation (APACHE) III scores and higher predicted risk of death (derived from the APACHE III scoring system), more comorbidities (cancer, chronic respiratory disease, type 1 diabetes mellitus, chronic cardiovascular disease), were more commonly admitted with postoperative and cardiovascular diagnoses, required an increased duration of invasive ventilation, had a longer duration of ICU stay, more commonly had a central venous catheter (CVC) and/or tracheostomy on ICU discharge, presented with physiologic abnormalities on ICU admission (bradycardia, tachypnoea, hypotension, low mean arterial pressure, pyrexia), had greater derangement in biochemical values during the first 24 hours of ICU admission (higher levels of urea and potassium, lower albumin and haematocrit levels), and also prior to ICU discharge (higher white cell count, platelets, potassium, urea, creatinine, alkaline phosphatase [ALP], International Normalized Ratio [INR] and activated partial thromboplastin time [APTT] , and lower haemoglobin levels). Patients who suffered post-ICU deterioration had shorter durations of time between being determined ready for discharge and actually leaving the ICU. They had higher in-hospital mortality, had longer post-ICU length of stay, with more than double the total hospital length of stay compared to those who did not deteriorate after ICU discharge.
Multivariable analysis-predictors of post-ICU deterioration
Independent predictors of post-ICU deterioration are shown in Table 3 . Lung transplant and postoperative thoracic surgery patients were at higher risk of deterioration, referenced to patients with coronary artery graft surgery. Other independent predictors included increasing age, increasing severity of illness (estimated using the APACHE III score with age component removed), pyrexia and bradycardia on ICU admission, abnormal albumin levels on ICU admission, hyperkalaemia and high APTT level on ICU discharge, and being determined ready for discharge less than 48 hours before actually leaving the ICU. Oxygen saturation ≤90% + other 12 (1.3%)
Heart rate ≥140 /minute + other 12 (1.3%)
Oxygen saturation ≤90% + respiratory rate ≥36 /minute 10 (1.1%)
Systolic blood pressure ≤90 mmHg + heart rate ≥140 /minute 7 (0.8%)
Heart rate ≥140 /minute + respiratory rate ≥36 /minute 6 (0.7%)
Respiratory rate ≥36 /minute + serious concern 6 (0.7%)
Heart rate ≥140 /minute + uncontrolled pain 6 (0.7%) 
Performance of the predictive model for post-ICU deterioration
The predictive model developed using the above parameters exhibited a reasonable discrimination with an AUROC of 0.72 (95% CI 0.70 to 0.73) and a good calibration from the Hosmer-Lemeshow goodness-of-fit test with chisquare = 5.96 (P-value=0.65). Over the two-year period, 361 (8%) of patients were identified as having a greater than 50% risk of post-ICU deterioration. Figure 1 illustrates the individual proportion of patients who required readmission to ICU, had a cardiac arrest call or MET call at different levels of risk. In-hospital mortality in those discharged from ICU progressively increased with increasing risk of post-ICU deterioration. Figure 2 shows the numbers of patients discharged and the progressive reduction in adjusted odds of post-ICU deterioration with increasing time between the decision was made that the patient was ready for discharge and when the patient actually left the ICU. Figure 3 shows the calibration plot of predicted risk of post-ICU deterioration against the observed proportion of patients who experienced post-ICU deterioration.
Discussion

Key findings
We performed a retrospective cohort study of 4,632 ICU patients discharged following their first ICU stay and identified factors which predict patient deterioration following ICU discharge. The significant risk factors were increasing age, ICU admission with subarachnoid haemorrhage or postoperative respiratory surgery (lung transplantation, neoplastic and non-neoplastic surgery), admission to ICU from a ward, APACHE III score without the age component, tracheostomy on ICU discharge and discharge to cardiothoracic or oncology wards. Our predictive model showed a reasonable discriminatory power and good calibration.
Relationship with previous studies
To our knowledge, this is the first study that has attempted to predict patients' deterioration following their first ICU admission by evaluating their combined outcomes of MET calls, cardiac arrest calls or ICU re-admission.
Several studies have proposed predictive models to identify ICU-discharged patients at risk of severe adverse events during the same hospitalisation [11] [12] [13] [14] . These studies evaluated patient deterioration based on the outcome of ICU re-admission, mortality, or the combined outcomes of ICU re-admission and mortality following ICU discharge. Although one of the outcomes of our study was mortality, our predictive model was specifically developed to estimate the risk of a MET call, cardiac arrest call or ICU re-admission as the principal outcome. The AUROC of 0.72 in our predictive model is compatible with the AUROC of 0.66 to 0.76 in these studies, thus presenting a similar ability to discriminate between patients who deteriorated and did not deteriorate following ICU discharge.
Our study findings are consistent with previous studies 14, [18] [19] [20] [21] [22] which showed physiological and clinical risk factors were identifiable for patients who deteriorated. Common risk factors were increasing age and higher severity of illness measured as APACHE scores or Simplified Acute Physiology Score. Our findings showed that the odds of a patient with a tracheostomy in situ on ICU discharge deteriorating were more than four times greater than those without a tracheostomy on ICU discharge; these findings being similar to the findings of Martinez and colleagues 23 who reported that tracheostomy at ICU discharge was associated with an increased risk of mortality.
Although the individual variables and the time at which they have been measured vary across published studies, the principle that physiological, biochemical and haematological values are related to the risk of patient deterioration is consistent with the findings of our study. In our study physiologic abnormalities on ICU admission, such as bradycardia and pyrexia, were more likely to have occurred in patients found to be at risk of deterioration, but physiological data on ICU discharge were not available for analysis. Physiologic derangements such as abnormal respiratory rate and heart rate on ICU discharge have been shown to be highly associated with risk of ICU re-admission 24 . Biochemical and haematological derangements have been identified as risk factors for hospital mortality [25] [26] [27] [28] [29] and MET activation after admission to hospital 30 
.
In our study, patients who left the ICU more than 48 hours after the decision was made that they were ready to leave were less likely to require MET calls, cardiac arrest calls or re-admission to ICU. This may imply that delaying discharge of ICU patients declared medically stable for ward management can reduce adverse events. Our findings correspond with Daly and colleagues 31 who proposed that an increased ICU stay of 48 hours reduced the risk of mortality after ICU discharge by 39%, and Metnitz and colleagues 20 who suggested that certain patients could benefit from a longer stay in ICU. Further studies are needed to confirm this finding. There were no ICU discharges between midnight and 0600 hours in our study as a result of an active unit policy to avoid this. Our findings were in accordance with Santamaria and colleagues 15 who revealed that severity of illness at ICU discharge, rather than discharge time, was the predominant predictor of death.
Strengths and limitations
A key strength of this study was the availability of the routinely collected clinical data in the hospital databases. Use of a consecutive sampling method minimised selection bias. The measurements of data variables were reliable with a high degree of internal consistency and inter-rater reliability. Findings were biologically plausible, appeared clinically relevant and were broadly in keeping with known literature.
The main limitation was the absence of external validation, thus implying that these results are not generalisable to other hospitals. However, the methodology and principles employed in the development of our model would be applicable to all hospitals with an ICU and MET system. The single-centre nature of the study could pose a threat of overfitting of the prediction model 16 . However, this was minimised through the use of a bootstrapping technique in the multivariable analysis. A number of the population groups specifically identified as having higher risk (e.g. lung transplant patients) are present in very few other hospitals. Although the general principle of this analysis may be more broadly applicable, the specific findings should be considered directly relevant only at this hospital. Information which may have impacted on the risk of patient deterioration such as staffing in the ICU or in the general ward, nurse to patient ratios, process of care and handover were not available. As the data were originally collected for a purpose other than the study, causality could not be established. The study design was also susceptible to random error such as misclassification bias (e.g. missed MET call), which could threaten the internal validity of the study. The large sample size minimises the chance of random error and the use of a bootstrapping technique for the logistic regression with multiple resampling of the whole dataset potentially reduced this even further 16 . Another limitation is that physiological variables at the time of discharge from ICU, which are known to be associated with subsequent deterioration, were not available in our study 15 . It is likely their inclusion would have increased the discrimination of this model. This is an important area for future research. There is also lack of control over the secondary data, particularly the completeness and accuracy of data. A haematological variable such as APTT was not routinely collected for all patients prior to ICU discharge. However, 'missing APTT' was statistically significant in the multivariable analysis. Physiological data on discharge were not readily available as the data were not recorded electronically. An 'intervention ceased date' was only captured if the intervention (CVC/ tracheostomy/total parenteral nutrition (TPN)) had ceased in ICU, and a missing data entry in the ICU intervention ceased date could be mistakenly interpreted as a patient discharged with the intervention (presence of CVC/tracheostomy/TPN) continuing in a ward.
Implications for study findings
The predictive model could be used to stratify the risk of patient deterioration and develop objective criteria to guide ICU discharge and follow-up after ICU. High-risk patients may require more stringent and sensitive discharge criteria and post-ICU care to minimise adverse events 18, 32 , including improved communication among the treating teams and with patients in relation to the expectation of post-ICU care 32 . This prediction tool may also allow investigation of other ICU practices, such as the cost versus benefit in delaying the discharge of high-risk ICU patients who are deemed clinically stable for ward management.
Future research
Future research is required to externally validate the predictive model, including prospective testing of the model in more recent patients at the Alfred Hospital and adapting the methodology to develop similar tools within other hospitals.
Conclusion
Our study suggests that risk factors are identifiable to predict patients at risk of a MET call, cardiac arrest call or re-admission after ICU discharge. We developed a wellcalibrated predictive model with reasonable discriminatory ability that distinguishes patients who deteriorated from those who did not deteriorate. This knowledge could be used to guide follow-up after ICU and develop targeted implementation strategies, such as clinical decision support tools and clinical education programs, which could improve patient outcomes and service delivery.
